Human tumor xenografts established in athymic rat brains were used to determine the feasibility of intravascular delivery of tumor suppressor genes to brain tumors. Both tumor size and number were compared to characterize the effect of tumor burden on tumor transduction efficacy by a control LacZ -containing adenoviral vector. Experiments with tumors grown in vivo for either 3, 5, or 7 days demonstrated that 5 -day -old tumors provided the best target for vector infection and transgene expression by this mode of administration. Intra -arterial mannitol facilitated transduction efficiency. Tumor burden did not seem to affect transduction, while tumor location appeared to be an important factor. Based on these results, intra -arterial infusion of a p53 -containing adenoviral vector was carried out and resulted in significant retardation of brain tumor growth 3 days after administration. Effects at longer time points were not as significant. These findings indicate that intra -arterial administration of adenoviral vectors containing p53 is efficient and can result in changes in tumor size, but that long -term control of tumor growth may require multiple adenoviral treatments.
M alignant gliomas are the most common and malignant form of primary brain tumors. In spite of significant advances in the understanding of the molecular mechanisms of oncogenesis and progression, treatment for this illness remains palliative. Classifications based on genetic mutations have been proposed: a subset of these tumors manifests with mutations in the p53 tumor suppressor gene, while another present with mutations in the p16 tumor suppressor pathway ( including deletions of the entire INK4
A and INK4 B locus ) and amplification of epidermal growth factor receptor ( EGFR ). 1, 2 However, the recent characterization of p19 ARF (the product of INK4 B ) as a positive modulator of p53 function suggests that ultimately, the majority of malignant gliomas will possess defects in p53 tumor suppressor pathway function. 3 Replacement of wild -type p53 into p53 -defective tumor cells generally causes growth arrest ( for review, see Ref. [ 4] ). These findings have resulted in multitudes of preclinical studies assessing this tumor suppressor gene as a potential gene therapy agent including intrahepatic artery delivery of p53-containing adenovirus for liver cancers, 5 direct stereotactic injection of p53-expressing adenovirus into brain tumors, 6 and assessment of p53 therapy with head and neck cancer models in mice. 7 A number of phase I clinical trials of gene therapy for recurrent malignant gliomas have been completed. 8, 9 Gene therapy vectors have been delivered into brain tumors by stereotactic or freehand injection into the neoplasm. Published results have revealed inefficient transduction with expression of the delivered cDNA localized in proximity to the injecting needle track. 10, 11 Strategies aimed at increasing the extent of anatomic distribution of gene therapy vectors would, therefore, be desirable. Intravascular delivery of the gene therapy vector to infect the tumor mass via its vasculature may provide a route of administration to increase the anatomic extent of adenovirus -mediated cDNA delivery. Several studies have demonstrated the potential of this strategy by combining vascular delivery with the use of pharmacologic disrupters of the blood -brain barrier ( BBB ). 5,12 -14 Recently, we have shown that the efficiency of this process is enhanced by depletion of complement or reduction in its activation, so much so that it allows for efficient infection of multiple foci of tumor within the brain. 15, 16 Knowing that cDNA can thus be delivered into brain tumors by intravascular administration of the vector has thus provoked our interest in testing this route of administration with p53-expressing adenoviral vectors. In the current study, we first defined the significance of tumor size and location as variables that could affect delivery of such vectors into human glioma xenografts in rats. We then show that transient control of tumor growth is possible by intra -arterial administration of a p53 -containing adenoviral vector.
Methods

Cell lines and adenoviruses
Human Gli36@EGFR glioma cells were established by transduction and clonal cell selection of human Gli36 cells with a retroviral vector expressing the @EGFR cDNA ( Dr T Ichikawa and Dr EA Chiocca, unpublished results ). This cell line was established by retroviral transfer of mutant EGFR into parental glioma cell lines followed by selection. This manipulation has been used previously and has been demonstrated to enhance the tumorigenic capacity of several cell lines in the brain of nude rats (often, gliomas overexpress mutant EGFR ). In general, @EGFR -transduced tumor models are excellent models for in vivo work because of their rapid growth in rat brains. 17 Gli36@EGFR cells were propagated at 378C with 5% carbon dioxide atmosphere in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum ( Sigma, St. Louis, MO ) containing 100 U /mL penicillin, 100 g/ mL streptomycin ( Gibco BRL, Gaithersburg, MD ), and 0.5 g/mL puromycin ( Sigma). For these studies, recombinant replication - 
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(pn/ml) Figure 1 Effect of infection with p53 -containing adenovirus on Gli36@EGFR cell lines and tumors. A: Gli36@EGFR cells were treated with p53 -containing adenovirus for 1 hour at the indicated concentrations. Seventy -two hours later, cells were washed, harvested, and adherent cells quantified. pn / mL: adenovirus particle number per milliliter. Error bars = SD. B: Rats were implanted with multiple Gli36@EGFR tumors ( control n = 4, treated n = 4 ) and 5 days later, tumors were directly injected with control or p53 -containing adenovirus. At the indicated times two animals were sacrificed and tumor volumes determined. Error bars = SD.
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Intra -arterial administration of p53 -containing adenovirus T Abe et al deficient adenoviral vectors containing wild -type p53 ( FTCB ) and deleted for viral regions, E1, E3, and protein IX were used. 18 Expression of the p53 transgene was directed by the human cytomegalovirus immediate -early promoter /enhancer. The control vector, GFCB, was constructed to match FTCB except for its transgene, which is enhanced green fluorescent protein (Clontech, Palo Alto, CA ). The BGCG control vector containing Escherichia coli LacZ was constructed as described in Cheney et al. 19 All of the adenoviruses were grown in 293 cells and purified by DEAE column chromatography as described. 20 Adenovirus particle concentrations were determined by Resource Q high -performance liquid chromatography, 21 and the primary structure of all transgenes was verified by automated sequencing of viral DNA.
Cells (3Â10 4 ) were plated in six -well dishes and treated with different concentrations of adenovirus in 100 L of culture medium for 1 hour. Two milliliters of replete medium was then added to supernatants. Seventy -two hours later, cells were harvested by trypsinization, and cells were counted by Coulter Counter (Coulter Electronics, Luton, UK ).
Animal studies
Adult female nude rats (nu /nu, 200 -250 g ) were anesthesized with an intraperitoneal injection of 0.5 mL of 0.9% NaCl containing 12.5 mg of ketamine and 2.5 mg of xylazine. After immobilizing the rats in a stereotactic apparatus and placing a linear skin incision over the bregma, burr holes ( 1 mm in diameter ) were drilled in the skull approximately 1 mm anterior and 2.5 mm lateral to the bregma on both sides, and 3 mm posterior and 2.5 mm lateral to bregma on the right side. The location for implantation of the tumors was based on established models and designed to minimize surgical side effects to the animals. Two hundred thousand Gli36@EGFR cells ( in a 2 -L volume ) were injected at a depth of 4.5 mm from the dura, using a 5-L Hamilton syringe. Three to 7 days after tumor implantation, animals were reanesthesized for intracarotid catheterization. The right common carotid artery ( CCA ) was exposed through a 3 -cm midline incision, as previously described. 15 Twenty percent mannitol (Abbott Laboratories, North Chicago, IL ) was warmed to 378C and infused at a rate of 0.36 mL /kg /sec for 50 seconds. Immediately following mannitol infusion, 1 mL of adenovirus was infused for 10 minutes using a microsyringe pump ( Harvard Apparatus, Natick, MA ). In animals where adenovirus was directly injected into the tumors, the same burr holes and stereotactic coordinates were used. For tumor transduction assays, animals were sacrificed 2 days after adenovirus treatment and perfused by intracardiac infusion of a solution containing 4% neutral paraformaldehyde ( PFA ) in 0.9% sodium chloride and 10 mM sodium phosphate, pH = 7 ( PBS ). After harvesting, brains were kept in 4% PFA for 1 day, transferred to 30% sucrose in PBS for 5 days, then frozen and stored at À 808C until analyzed. Preparation of other tissues was performed similarly.
Histological studies
Frozen sections of brains and other organs were prepared on a cryostat and then stained with hematoxylin for anatomical detail and 5 -bromo-4-chloro-3-indolyl --D -galactopyranosidase ( X -gal; Fisher Biotech, Pittsburg, PA ) to reveal expressed LacZ activity. To avoid ''false -positive'' LacZ results, sections were stained with X -gal for only 3 hours prior to analysis. 16 
Quantitative analysis of tumor sections
Following staining with X -gal, tumor sections (n =4), randomly selected from each animal, were analyzed using an Olympus BX60 microscope. The sections were scanned Rats were implanted with either multiple brain tumors ( left anterior, right anterior, and right posterior, n = 4 ) or single brain tumors ( right posterior, n = 3 ). Five days after implantation, intra -arterial administration of LacZ -containing adenovirus was performed. Forty -eight hours later, animals were sacrificed and % LacZ -positive cells were measured after X -gal staining ( error bars represent ± SEM ). Volume of tumors was determined using three radial measurements using the formula 4 / 3r 1 r 2 r 3 ( where r 1 and r 2 are the perpendicular radii of the center cross -section of the tumor and where r 3 is the longitudinal radius of the tumor ). For 3 -day growth calculations, n = 6 animals; for 5 -day growth, n = 5 animals; and for 7 -day growth, n = 3 animals. No significant difference in tumor size was measured with or without mannitol; therefore, all animals were used in volume calculations. Mean ± SD is also reported. 
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Intra -arterial administration of p53 -containing adenovirus T Abe et al by Sony three -chip Color Video Camera at Â20 magnification. Images were quantified using Image -Pro PLUS software (Media Cybernetics, Silver Spring MD ) and color cut -offs were selected to discriminate blue -stained LacZpositive cells from nonblue brain tumor cells and from regions of the tumor that did not contain cells. Blue -stained cells were considered to express LacZ and were quantified as a percentage of all cells within the tumor perimeter. Tumor volume measurements were calculated from tumor length and width measured using Image -Pro PLUS software. Tumor volume was calculated using the formula 4/3r 1 r 2 r 3 ( where r 1 and r 2 are the perpendicular radii of the center cross -section of the tumor and where r 3 is the longitudinal radius of the tumor ).
Results
Effect of p53 expression on glioma cells and tumors
The human glioblastoma cell line used for these studies, Gli36@EGFR, possesses a missense mutation in the p53 gene ( Arg248Leu ), rendering the protein inactive. To confirm that this defect could be corrected by delivery of a wild -type p53 cDNA, Gli36@EGFR cells were evaluated for cell survival after infection with an adenovirus containing wild -type p53 cDNA (FTCB ). Consistent with previously reported data in other cells, FTCB infection of Gli36@EGFR cells in culture resulted in significant cell killing compared to infections with control adenovirus (Fig 1A ) . To test this effect in vivo, Gli36@EGFR cells were used to establish distinct glioma xenografts within the brains of athymic rats. Tumors were then directly injected with either FTCB or a control adenoviral vector (BGCG ) and tumor growth was monitored 2 and 5 days after treatment. Tumors that were injected with FTCB were significantly smaller in volume than tumors injected with control BGCG (Fig 1B ) . It was evident that the effect consisted of retardation of proliferation rather than tumor regression because continued growth between days 2 and 5 was noted. Taken together, these results showed that FTCB produced an anticancer effect against Gli36@EGFR glioma cells in vitro and in vivo, in agreement with previous studies that employed other cell lines.
5,6
Rat #: . Sections were stained with H&E to reveal anatomical detail and with X -gal to reveal LacZ activity. Note lack of LacZ activity in normal brain tissue. c: LacZ activity in peripheral organs from rats that had been treated either with 7.11Â10 11 viral particles in the absence of ( A, C, E, G, and I ) or in the presence of mannitol (B, D, F, H, and J). Control kidney from rats without any treatment was included to demonstrate the high background staining in this tissue ( K ). Studies on liver from treated animals ( G and H ) showed significant staining with X -gal prior to mannitol administration and substantially less liver staining when mannitol was coadministered with adenovirus. Substantial staining was observed for both treatment groups in spleen and kidney with minor effects of mannitol. All sections were stained with H&E and with X -gal.
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Parameters effecting viral transduction of brain tumors in vivo
Our goal for these studies was to deliver an effective dose of adenovirus to brain tumors via intra -arterial administration. We therefore tested in combination two parameters that we hypothesized might alter transgene expression in tumors via intra -arterial administration: (a ) the effect of tumor burden and (b ) the effect of BBB -disrupting agents.
Effect of tumor burden on neoplastic transduction by intraarterial administration of adenoviral vectors. We first tested the effect of tumor burden on transgene expression by varying tumor number. Rats were implanted with either a single right posterior tumor or three tumors (one right anterior, one left anterior, and one right posterior tumor ), and tumors were allowed to grow for 5 days. After intra -arterial infusion of mannitol and LacZ -containing adenovirus, comparison of X -gal -stained tumor sections indicated that the right posterior tumors showed similar growth and transgene expression in both single and multiple tumor models ( Table 1 ). This result thus showed that the right posterior tumor transduction efficacy was not effected by the presence of tumors in the two anterior positions.
We next tested the effect of tumor size on adenoviral transduction. Tumors were established in rat brains and different sizes were generated by allowing implanted tumor cells to grow for 3, 5, or 7 days prior to administration of adenovirus. Animals harboring brain tumors of varying age then received an intra -arterial infusion of BGCG. They were then sacrificed 2 days later for tumor volume measurements and examination of LacZ expression (Tables 2 and 3) . Varying tumor age affected tumor size. On average, when compared to the tumors transduced after 3 days of growth, there was a 16.8-and 3.6-fold increase in tumor volume for the 7-and 5 -day transduced tumors, respectively ( Table 2 ). The percentage of tumor cells expressing the LacZ cDNA, however, was not significantly different for the tumors transduced after 3, 5, or 7 days of growth in the absence of Cancer Gene Therapy Intra -arterial administration of p53 -containing adenovirus T Abe et al mannitol (Table 3 ) . These results seem to suggest that tumor size / age had little effect on the transduction efficiency of intra -arterially administered adenovirus vector in the absence of mannitol.
Mannitol increases tumor transduction after intra -arterial delivery of adenoviral vector. Several reports have demonstrated the efficacy of the BBB -disrupting agent, mannitol, for increasing infection of brain tumors. 22 Therefore, we used mannitol in an attempt to improve delivery of adenovirus to intracranial tumors. Infusion of BGCG ( 7.11Â10 11 pn in 1 mL ) was accomplished through the right external carotid artery after a bolus of mannitol. This dose of vector was selected empirically because it provided the best infection with tolerable toxicity in rats. Without mannitol, tumor transduction efficiency was less than 1%. Mannitol infusion increased the average extent of transgene expression to 20%, with one animal showing an increase to approximately 50% transduction ( Fig 2A and Table 3 ).
Representative sections of tumors are shown in Figure 2B . LacZ expression was confined to the tumor in both the mannitol -treated and control animals with no expression observed in normal brain tissue. These findings confirmed that mannitol infusion aided the infection of glioma xenografts in rat brains.
Mannitol infusion alters the apparent distribution of LacZ expression in rat organs. To assay for effects of mannitol on the distribution of LacZ cDNA expression after intra -arterial administration of vector, we examined heart, lungs, spleen, liver, and kidneys of treated animals. Figure 2C shows representative sections for several rat tissues. Little evidence for LacZ cDNA expression was detected in heart and lungs from animals treated with LacZ -containing adenovirus with or without mannitol. Spleen and kidney showed varying degrees of LacZ -positive cells. Significantly, liver stained intensely for LacZ cDNA expression. Coadministration of mannitol decreased LacZ cDNA expression in liver, and, to a lesser degree, in kidneys and spleen. Mannitol thus appeared to alter the profile of cDNA expression in animals.
Effect of intra -arterial FTCB on brain tumor growth
Based on the above findings, we tested the effect of intraarterial FTCB on tumor growth in vivo. Single right posterior brain tumors were permitted to establish for 5 days and then FTCB ( or GFCB as a control ) was administered intraarterially immediately following mannitol infusion. Tumor size was then assayed 3 days later. There was a statistically significant difference in the size of tumors treated with FTCB ( mean = 19.2 mm
3 ) compared to tumors treated with GFCB ( mean = 43.6 mm 3 ) (Fig 3) . These results thus confirmed that intravascular FTCB could result in a significant anticancer effect against brain tumors in animals.
Discussion
The major objective of this study was to determine if an anticancer effect could be achieved with intravascular administration of a p53 -containing adenoviral vector in a model of human malignant glioma. We show that such an effect is possible when combined with infusion of mannitol. We also show that tumor size and location, but not tumor number, have a dramatic effect on adenoviral transduction in vivo, and that mannitol infusion in the carotid artery alters the apparent whole-body distribution of adenovirus transgene expression. Multiple brain tumors in rats are often used to replicate the different foci present in human GBM. In order to determine the optimal adenovirus -to -tumor tissue ratio for these studies, we varied tumor size 16-fold by allowing tumors to grow for different periods of time in vivo prior to treatment with adenovirus. The tumors transduced in vivo in the presence of mannitol after 5 days of growth were the most efficiently transduced tumors followed by tumors transduced after 3 or 7 days of growth. It could be hypothesized that the tumors transduced after 3 or 7 days of growth have inappropriate hemodynamics for viral delivery, presumably resulting from tumor mass, vascularization, and /or BTB permeability. Indeed, we and others have observed that smaller tumors are generally poorly vascularized, and as they Figure 3 Effect of intracarotid artery administration of p53 -containing adenovirus on tumor growth in vivo. Rats ( control n = 9; treated n = 9 ) were stereotactically implanted with tumors and after 5 days infused with mannitol followed by either control ( GFCB ) or p53 -containing adenovirus ( FTCB ) via the intracarotid artery. The horizontal lines represent the average tumor sizes for each treatment group. The change in tumor size due to treatment was highly significant. Nonparametric Wilcoxon rank sum test, P = .0047.
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Intra -arterial administration of p53 -containing adenovirus T Abe et al increase in size, perfusion of the tumor center diminishes. 23 Interestingly, we observed rapid tumor growth in the posterior lesion compared with anterior lesions. This was associated with more prevalent vascularization in posterior tumor (data not shown ) and may partially explain its enhanced growth and infectability.
To monitor the efficiency of in vivo delivery and gene expression in this system, we used a LacZ -containing adenovirus and detection of the protein product was assessed by X -gal staining of tumor sections. These studies suggested that under optimum conditions ( intracarotid administration of mannitol and LacZ-containing adenovirus to tumors grown for 5 days in vivo ), up to 50% of the tumor cells could be transduced. It is not clear, however, why there was substantial variability between animals. Experiments are under way to examine this in more detail. When these transduction conditions were used to deliver p53 -containing adenovirus to rats bearing brain tumors, we observed significant inhibition of tumor growth 3 days after adenovirus administration ( Fig 3 ) . However, inhibition of tumor growth was less pronounced by 6 days (data not shown). The effectiveness of the p53-containing adenovirus to suppress tumor growth was greater than the extent of tumor transduction observed with LacZ -containing adenovirus. One possible explanation for this apparent discrepancy could be that X -gal staining does not detect tumor cells expressing low levels of LacZ, 24 underestimating transduction efficiency. Therefore, the LacZ marker gene is useful for optimizing adenoviral delivery, but may not be as useful for predicting the therapeutic outcome of p53 delivery and expression. Additionally, the efficacy of the therapy may be partially augmented by a p53 -dependent bystander effect that has been observed in mixing experiments. 25, 26 Another interesting observation was made by staining for LacZ activity in different organs from treated animals. In the absence of treatment with mannitol, liver stained intensely for LacZ activity following intracarotid administration of LacZ -containing adenovirus. However, if adenoviral administration were performed immediately after mannitol infusion, the level of LacZ activity observed in the liver was dramatically reduced (see Fig 2C ) . This also occurred for other tissues. The apparent redistribution in adenoviral gene expression is possibly due to increased uptake by the tumor or mannitol -induced vascular changes resulting in altered biodistribution of the adenovirus, and studies are currently underway to assess viral distribution in vivo. 27 The studies presented here demonstrate the utility of intraarterial administration of p53-containing adenovirus for reduction of tumor size in a model of human glioblastoma. We have demonstrated that 3 days after intracarotid adenovirus administration, there is a significant inhibition of tumor growth. However, by 6 days, the difference between p53 -treated and control -treated tumors was not significant ( data not shown ). We and others have demonstrated that the level of transgene expression is decreased between 5 and 7 days after treatment of tumors in vivo, suggesting that multiple dosing with therapeutic adenovirus may increase the inhibitory effect of p53 on tumor growth. 16, 28 Li et al 25 have demonstrated that multiple direct injections of p53-expressing adenovirus into tumors in an in vivo mouse system result in tumor cure. Additionally, combination therapy may augment the effects seen here. Several studies have demonstrated increased efficacy of conventional radiotherapy and chemotherapeutic drugs when combined with p53 gene therapy of cancers ( for review, see 29 -35 ) . The work presented here enables one to determine if intracarotid delivery of the p53 transgene to brain tumors in vivo would be more effective when combined with conventional anticancer therapies for brain tumors.
